Oxalic acid ͑OA͒-based nonalkaline solutions of H 2 O 2 are found to support chemically mediated removal of Ta-oxide surface films on Ta. The associated surface reactions are critical for chemical mechanical planarization ͑CMP͒ of Ta barrier layers in the fabrication of interconnect structures. In the present work, we probe the underlying mechanisms of these reactions using dc and ac electrochemical techniques. A Ta coupon electrode is used as a model system in abrasive-free solutions of 1 wt % OA + x wt % H 2 O 2 at pH 3.0 and 6.0 ͑x = 0, 1, and 5͒, where the chemical component of CMP is selectively examined in the absence of mechanical abrasion. These nonalkaline solutions are essential for preventing chemical damage to low-k dielectrics underlying Ta barriers in interconnects. The electrochemical data presented here explain the recently reported findings of Ta CMP experiments using OA solutions, and provide the necessary framework to put forward a reaction scheme for the chemically mediated disintegration of Ta The new generation of multilayer interconnects for semiconductor devices requires the incorporation of low dielectric constant ͑low-k͒ interlayer dielectric ͑ILD͒ materials.
The new generation of multilayer interconnects for semiconductor devices requires the incorporation of low dielectric constant ͑low-k͒ interlayer dielectric ͑ILD͒ materials. 1 This poses several new challenges for the chemical mechanical planarization ͑CMP͒ technique presently used in the fabrication of such structures. A main problem here is that the down-pressure for polishing is greatly restricted ͑Ͻ2 psi͒, because most currently available low-k ILDs are porous, mechanically fragile, and exhibit poor adhesion to the substrate. 2 Apart from mechanical damages, many low-k ILDs also are prone to various chemical damages during the CMP of the Ta/ TaN barrier layers. For instance, the Si-based low-k ILDs severely degrade in alkaline CMP slurries due to carbon depletion and formation of excess Si-OH bonds. 3 CMP of Ta/TaN barrier layers overlying such low-k ILDs not only relies on reduced down-pressure processing, but also requires nonalkaline slurry chemistries to avoid chemical damages. [4] [5] [6] Selectivity of Ta/TaN to Cu removal also introduces additional considerations of slurry engineering for barrier CMP. [6] [7] [8] [9] Some of these issues of Ta CMP have been addressed in a recent report by Janjam et al., where the authors have used an oxalic acid ͑OA͒-based nonalkaline slurry solution containing H 2 O 2 at variable ͑3.0-6.0͒ pH values. 9 The same slurry also was shown to be effective in CMP of Cu, where the selectivity of Cu vs Ta removal rates could be controlled simply by adjusting the solution pH. 10 Based on these observations, the OA-H 2 O 2 system appears to have the potential of supporting three main criteria for Ta barrier CMP, namely ͑i͒ a nonalkaline environment, ͑ii͒ a chemically dominated material removal for low-pressure ͑low-P͒ planarization, and ͑iii͒ a tunable selectivity of Cu vs Ta CMP. The surface chemistry for Cu CMP in this slurry has been studied and reported in an earlier work. 10 To our knowledge, however, the chemical component of Ta CMP in this system has not been investigated in detail; hence, it is the subject of our present paper.
Here, we use electrochemical techniques to probe the surface reactions that govern the chemical mechanism of Ta CMP in the nonalkaline OA-H 2 O 2 system. These techniques include cyclic voltammetry ͑CV͒, coupled with linear polarization resistance ͑LPR͒ measurement and Tafel analysis of corrosion parameters, 11 as well as Fourier transform electrochemical impedance spectroscopy ͑FTEIS͒. 12 In order to bring out the chemical aspects of CMP, we perform the experiments in the absence of mechanical abrasion using abrasive-free solutions ͑1 wt % OA and H 2 O 2 in concentrations varied between 0 and 5 wt % at pH 3.0 and 6.0͒. Based on our dc electrochemical results, we propose a reaction scheme as a possible mechanism of the chemical component of Ta/oxide surface layer removal in these solutions. We employ ac FTEIS to further verify this proposed reaction mechanism. This is done by obtaining electrode equivalent circuit ͑EEC͒ models of the reactive system through complex nonlinear least-square ͑CNLS͒ analysis of the EIS data. 13 The "time-resolved" feature of FTEIS allows for fast recording ͑typically in 1 s͒ of the full impedance spectra, avoiding cumulative chemical changes in surface conditions during data acquisition.
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Experimental
The electrochemical experiments were performed using a homebuilt fast potentiostat, as described elsewhere.
12,14-17 A Ta coupon electrode, with its 2 ϫ ͑1.75 ϫ 1.50 cm͒ rectangular area exposed to the solution, was used in a three-electrode cell equipped with a saturated calomel electrode ͑SCE͒ reference and a Pt wire counter electrode. All solutions were prepared with triply distilled water and reagent grade chemicals and pH-adjusted with KOH. Before each data run, the Ta electrode surface was cleaned on a homebuilt polisher, using Buehler Microcloth and a paste of 0.1 m alumina in distilled water, and with subsequent rinsing in triply distilled water. LPR measurements were carried out in the voltage region, within Ϯ0.05 V of the measured corrosion potentials, E corr . FTEIS used a computer-generated broadband ac perturbation ͑5 mV peak-to-peak͒ containing 190 sinusoidal waves ͑0.1-40 kHz͒. 12, 17 The real ͑ZЈ͒ and imaginary ͑ZЉ͒ components of the measured complex impedance ͑Z͒ were used to generate Nyquist plots that were CNLS analyzed using ZSimpWin to obtain EEC models of the interface.
Results and Discussion
Potentiodynamic polarization characteristics and corrosion parameters of Ta in OA solutions.-The predominant constituent ͑ϳ88 mol %͒ of the native oxide film typically found on Ta is Ta 2 O 5 , while the remaining fraction of the film is primarily TaO. 18 Because the TaO generally exists in subsurface regions, the overall surface chemistry of Ta is dictated by that of Ta 2 O 5 . 19, 20 In Fig. 1 19 This reaction can occur in the pH range ͑3.0-6.0͒ used in this work, regardless of the presence of OA and/or H 2 O 2 in the solution. According to the high-field mechanism, the anodic current ͑i a ͒ of Reaction 1 is expressed as 15, 19, 21 
where i 0 and ␤ are constants, is the faradaic overpotential, and d eff is the effective thickness of the net ͑native plus electrogenerated͒ Fig. 1 was covered with defectfree oxide layers, it would have exhibited the ideal "valve metal" characteristics by effectively blocking the cathodic current flow across the oxide film and only allowing very weak anodic currents. 18 However, the cathodic currents measured here indicated the presence of cracks/pinholes ͑defects͒ that provide the pathway for electron flow from the Ta metal underlying the Ta Both the anodic and cathodic currents in Fig. 1 exhibit a relatively weak pH dependence, yielding slightly larger values at pH 6.0 than at pH 3.0. This indicates that the Ta 2 O 5 film formed at pH 6.0 is electrochemically somewhat less passive than that formed at pH 3.0. The corrosion potentials ͑E corr ͒ and corrosion currents ͑i corr ͒ obtained from the Tafel plots of Fig. 1 are presented in Fig. 2A and B, respectively. The E corr values at pH 6.0 are lower than those at pH 3.0, and the i corr values at pH 6.0 are moderately higher than those at pH 3.0. These data indicate once again the presence of stronger faradaic reactions and hence, less passive oxide films on Ta at the higher pH. 18 The differences between the data sets recorded at pH 3.0 and 6.0 decrease considerably with increasing the solution concentrations of H 2 O 2 ; this is most prominently seen in Fig. 2B . Unless the electrolyte tends to dissolve some of the oxide sites within the pores in the surface film of Ta 2 O 5 , the defect-mediated current tunnels eventually would fill up at anodic voltages as more Ta 2 O 5 form within the tunnels. If, however, soluble complexes of Ta are generated, the pores in the oxide film would not be repaired. Previous experiments also support this view, where anodic Ta 2 O 5 films were generated in defect-forming chemicals, 27 and H 2 O 2 was found to be an efficient chemical in this category. 28 In the presence of such soluble defect sites, the net thickness of the Ta 2 O 5 layer would be restricted, and the resulting oxide film on Ta would be relatively less passive. Phenomenologically, the effective oxide layer thickness in the Nth voltage cycle of a multicycle CV treatment of the Ta electrode can be expressed as
Formation of
where is the surface coverage of defect sites in the Ta 2 O 5 film, and d 0 is the initial oxide layer thickness. 19 According to Eq. 2, the presence of defects ͑lower values of d eff ͒ in the Ta-oxide layer would tend to increase i a , while the cathodic currents supported at the fraction of the surface would also increase. Thus, if increases, and/or if the term in the square braces in the above formula of d eff decreases, then the surface passivity of Ta 2 O 5 decreases.
Based on the above considerations, the anodic charges not only represent a measure of ⌬d, but also indicate the efficiency of defect generation ͑Ta 2 O 5 dissolution͒ in the oxide film. In Fig. 4 , the progressively decreasing values of Q a with successive voltage cycles indicate how the rate and efficiency of the oxide growth drop with increasing the oxide layer thickness. Although restricted, the growth of the oxide film continues after the first CV cycle. At the 0 and 1 wt % H 2 O 2 contents of the solution, Q a measured at pH 6.0 is slightly higher than that at pH 3.0, suggesting that the oxide film growth is somewhat better favored due to the presence of a less passive Ta 2 O 5 film in the first case. Furthermore, Q a increases as the H 2 O 2 content of the solution is increased from 0 to 1 and 5 wt %. This suggests that more oxide films are formed in the presence of H 2 O 2 , because these films also tend to be chemically less passive, allowing Reaction 1 to be operative in repeated CV. The cathodic 9 Certain values of Ta removal rates reported in that work point out the correspondence between the CMP and electrochemical results and help to understand the effects of OA and H 2 O 2 concentrations on Ta removal. With 1 wt % OA at pH 3.0-7.0, the Ta removal rates ͑mea-sured at 2 psi͒ were higher ͑ϳ30 nm min −1 ͒ in the presence of H 2 O 2 than those found ͑ϳ18 nm min −1 ͒ in the absence of H 2 O 2 . 9 Moreover, the Ta polish rates in the presence of H 2 O 2 were largely independent of pH variations between 3.0 and 6.0. 9 The results of Fig. 2-4 also demonstrate that H 2 O 2 plays an active role in the formation of soluble Ta complexes from Ta 2 O 5 . Moreover, the electrochemical data suggest that at low ͑and zero͒ concentrations of H 2 O 2 this process might be slightly more favored at pH 6.0 than at pH 3.0. In the rest of this paper, we will examine the relative roles of H 2 O 2 , OA, and solution pH in the formation of soluble Ta complexes. 29, 30 and the chemical makeup of these anions depends on the pH of the complexing solution. [29] [30] [31] [32] [33] [34] [35] For the nonalkaline solutions used here, the relevant anionic complexes of Ta are the tetraperoxotantallate anion, ͓Ta͑O 2 ͒ 4 ͔ 3− , and the tantalum diperoxo anion, 29 While the formation of the second complex requires the presence of HL − and/or L 2− in the solution, the first complex can form without the direct involvement of OA. [29] [30] [31] [32] [33] [34] [35] [36] Because the surface reactivity of Ta in aqueous electrolytes is determined by that of its overlying native Ta 2 O 5 film, the aforementioned complex formation reactions must also be supported by this oxide layer. Previously published results suggest that such reactions occur through the production of an intermediate hydroxide species. 37 In OA-based solutions at room temperature, this Tahydroxide, Ta͑OH͒ 5 , has been found to exhibit a moderate solubility. 37 
, with = 0 at pH = isoelectric point ͑IEP͒. The net charge on the surface is positive or negative, depending on whether the solution pH is lower or higher than the IEP, respectively. For Ta 2 O 5 , the reported IEP is 2.8; 40, 42 hence, the Ta electrode surfaces in the solutions used here at pH 3.0-6.0 are negatively charged. Considerations of this surface charge should be incorporated in the description of the reactions supported by Ta 2 O 5 . 43, 44 In the absence of H 2 O 2 , the formation of soluble Ta complexes is favored in alkaline solutions, 36 and at pH Ն 10, Ta 2 O 5 dissolves as hexatantalate, ͓Ta 6 O 19 ͔ 8− . 19, 45 This particular species, however, is not expected in the nonalkaline environment. 29, 46 In weakly alkaline and neutral media, enough OH − might be available to support some dissolution of Ta 2 O 5 in the form of ͓Ta͑O 2 ͒ 4 ͔ 3− . A possible mechanism for such a process is shown in Fig. 5A , where the Ta 2 O 5 site is taken to be negatively charged ͑at pH Ͼ IEP͒, with both Ta surface atoms having the form Ta-O − as discussed above, and one oxide ion converted to a hydroxyl group upon exposure to the solution. 38, 39 At the OCP ͑as is the case during CMP͒, the e − produced in this reaction could be consumed in a parallel reduction step ͑Eq. 3 or 4͒. 26 The dissolution reaction shown in Fig. 5A might be active only weakly in the H 2 O 2 -free OA solutions at pH 6.0, and completely absent at pH 3.0. If the ͓Ta͑O 2 ͒ 4 ͔ 3− ions are formed within the cracks and pores of Ta 2 O 5 , the structural integrity of the oxide film will be reduced even though the dissolved ion may not readily diffuse out into the bulk solution. Removal of such a "defectcontaining" film would be possible under mechanical abrasion using relatively low polish pressures, and this has been reported for Ta disk CMP at 2 psi in the Ref solution at pH 6.0-7.0. 9 The Ta polish rates in that work were found to drop from 30 to 10 nm min −1 as the pH of the Ref solution was reduced from 7.0 to 3.0.
9 These observations are consistent with the OH − driven reaction proposed in Fig.  5A . H 2 O 2 is likely to undergo catalytic decomposition on Ta 2 O 5 leading to products of metastable radicals. 19 To consider these reactions in nonalkaline solutions, we use the framework of the modified Weiss mechanism. [47] [48] [49] In this description, H 2 O 2 reacts with the 
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catalytically active metal-oxide site to increase the positive charge of the ͑Brønsted͒ site, and forms metastable
• OH. In subsequent reaction steps, more such metastable intermediates ͑like HO 2
• and/or O 2 − ͒ are generated, eventually leading to the final products, O 2 and H 2 O. Depending on the solution environment, the supporting substrate site can also undergo chemical changes ͑commonly associated with "site poisoning"͒, and in the presently used system, this latter process could contribute to the production of Ta͑OH͒ 5 . Based on these considerations, the possible reactions associated with surface charge alteration on the metal oxide can be written as 47 − to more stable species can occur through the reverse step of Eq. 9, followed by Eq. 10, in parallel with the surface reaction, ͑M-OH͒ = ͑M-O − ͒ + H + . These reactions would correspond to the catalytic decomposition of H 2 O 2 without surface modification. In a mutually parallel step, however, the O 2 − from Eq. 9 could react with ͑M-OH 2 + ͒ to further modify the surface, which could eventually lead to the formation of Ta͑OH͒ 5 sites on the Ta 2 O 5 film. Two tentative mechanisms for this latter reaction are illustrated in Fig. 5B and C. In Fig. 5B , both Ta ions and one oxide ion of the Ta 2 O 5 site are assumed to be exposed to the solution; one of these Ta sites is taken to be neutral ͑Ta-OH͒ and the other positively charged ͑Ta-OH 2 + ͒, according to Eq. 6 and 9, respectively. 38 In Fig. 5C , it is assumed that the two Ta ions of Ta 2 O 5 have undergone hydroxylation, both being positively charged ͑Ta-OH 2 + ͒.
38,39
The 
͓12͔
Reactions 11 ͑predominant at pH 3.0͒ and 12 ͑predominant at pH 6.0͒, in combination with the reaction shown in Fig. 5A , can be used as follows to explain the results of the electrochemical experiments reported here. Because the catalytic decomposition of H 2 O 2 on Ta-oxide would predominantly occur without site modification of the substrate, [47] [48] [49] [50] [51] only a relatively small fraction of H 2 O 2 in the solution is expected to participate in site-modifying reactions such as those considered in Fig. 5B and C. Consequently, the number of Ta͑OH͒ 5 sites available to support the dissolution reactions, Reactions 11 and 12, should be rather limited, and the Ta 2 O 5 film should not readily dissolve simply due to immersion of the oxide-covered Ta electrode in H 2 O 2 containing nonalkaline OA solutions. 37 For this reason, the dissolution rates of Ta disks were measured to be negligible in such solutions. 9 The soluble Ta complexes are likely to form minority sites on and within the pores/cracks of the Ta-oxide film, reducing the structural integrity of the film. The mechanism of material removal by polishing in this case should be similar to that mentioned in the context of Fig. 5A . Moreover, if the H 2 O 2 content of the solution is increased beyond 5 wt %, the additional H 2 O 2 tends to be consumed mostly by the site-preserved catalytic decomposition reaction, with no further major contributions going to the site modification steps. 9 In the absence of OA, the reaction of OH − ͑Fig. 5A͒ appears to be the only mechanism for weak Ta 2 O 5 dissolution at pH 6.0. In the presence of OA at pH 6.0, this reaction should be accompanied by Reaction 12, which would explain why i corr ͑Fig. 2B͒ and Q a ͑Fig. 4͒ measured in Ref ϩ 1 wt % H 2 O 2 are somewhat higher at pH 6.0 than at 3.0. With a further increase in the H 2 O 2 concentration, however, the surface coverage of Ta͑OH͒ 5 most probably approaches a saturation level ͑where both Reactions 11 and 12 reach their maximum efficiencies͒. Under these conditions, the already weak effect of ͓Ta͑O 2 ͒ 4 ͔ 3− formation on the net rate of Ta 2 O 5 dissolution become small compared to that of Reaction 12 at pH 6.0.
Results of potentiostatic polarization experiments.-These experiments were designed to test certain aspects of the reaction scheme proposed in Fig. 5 and Eq. 11 and 12. Figure 6A schematically shows the voltage program used for these experiments. Initially, the Ta sample was held at a fixed voltage, E corr max , in the H 2 O 2 -free Ref solution at pH 3.0 or 6.0. At the time t = t 0 , the voltage was stepped up and held at a more anodic value, E corr max + 0.2 V, until t = t f . During this potentiostatic voltage hold, pHadjusted H 2 O 2 was added to the solution at two different times to bring the net solution concentration of H 2 O 2 to 1 wt % at t = t 1 , and to 5 wt % at t = t 2 , while keeping the solution pH at the initial value ͑3.0 or 6.0͒ throughout the experiment. Thus, at a given pH, three solutions ͑Ref, Ref ϩ 1 wt %, and 5 wt % H 2 O 2 ͒ were tested within the time span t = 0 − t f ; these solutions were characterized by three different E corr values as shown in Fig. 2A . E corr max is the highest value of these three corrosion potentials, and is taken as the baseline voltage to ensure that anodic currents are always allowed in these experiments.
Figures 6B and C show the electrode currents measured in potentiostatic experiments at solution pH 3.0 and 6.0, respectively. The To characterize the hydration of the metal-oxide surface site, we have followed the framework of the model shown in Eq. 5 and Fig. 3 in Ref. 38. current spike observed at t 0 is due to fast charging of the electrochemical double layer in response to the potential step. 52 The current following the spike is higher than its initial level at 0 Ͻ t Ͻ t 0 because i a ͑Eq. 2͒ due to Reaction 1 increases at the higher anodic overpotential applied during t 0 Ͻ t Ͻ t 1 . The current drops as d eff in Eq. 2 increases during the potentiostatic hold. This current approaches a steady-state value, and upon the introduction of 1 wt % H 2 O 2 in the solution, shows a measurable increase. Then, the current drops once again toward its steady-state value due to the cumulative growth of Ta 2 O 5 . This transient increase and subsequent decrease of the potentiostatic current is repeated once again as the H 2 O 2 content of the solution is increased to 5 wt % at t = t 2 .
The observations made in Fig. 6B and C can be explained in terms of the reactions proposed in Fig. 5 and Eq. 11 and 12. The addition of H 2 O 2 to the solution at time t 1 forms Ta͑OH͒ 5 sites on the surface and within the existing pores of the Ta 2 O 5 film via the reactions shown in Fig. 5B and/or C. These Ta͑OH͒ 5 sites tend to dissolve through Reactions 11 ͑Fig. 6B͒ or 12 ͑Fig. 6C͒, which decreases the oxide film thickness d eff and increases the anodic current. These H 2 O 2 -induced increases in the currents observed at t 1 and t 2 are relatively small, indicating rather weak rates of surface dissolution associated with these steps. As we have proposed above, the surface density of the Ta͑OH͒ 5 sites is expected to be small, and the ͓TaO 4 ͑C 2 O 4 ͒ 2 ͔ 3− anions may not readily diffuse into the bulk solution. Thus, in the two-step process ͓formation of Ta͑OH͒ 5 and its subsequent dissolution as ͓TaO 4 ͑C 2 O 4 ͒ 2 ͔ 3− ͔, leading to the chemical removal of Ta, both steps would be rather slow, making it difficult to determine exactly the rate determining process. The H 2 O 2 -triggered increases of the currents, as well as their following steady-state values in Fig. 6 , are comparable between the solutions at pH 3.0 and 6.0. This observation fits into the proposed scenario that in the presence of H 2 O 2 , soluble surface species are produced primarily through Reactions 11 and 12, and that both these reactions are comparably effective at their respective pH regions of activation.
Results of FTEIS measurements.-The results of the dc electrochemical experiments presented in Fig. 1-4 and 6 are consistent with the overall framework of the reaction scheme proposed here. However, the relative roles of the different types of reactions ͑anodic oxidation, cathodic reduction, and surface dissolution͒ in the proposed scheme remain relatively masked in these dc data. The ac FTEIS technique can help to address this issue by providing EEC models based on the experimental impedance spectra of the reactive interfaces. Figure 7 shows Nyquist plots for a Ta coupon electrode recorded using FTEIS in ͑A͒ H 2 O 2 -free and ͑B͒ H 2 O 2 -containing OA solutions. The applied dc voltages were set to be the respective E corr values ͑taken from Fig. 2A͒ for the different solutions. The symbols and the lines represent experimental data and CNLS fits to the data, respectively.
We refer to Fig. 8 to discuss our strategy for CNLS analysis involving the presently used system. We start with the general EEC in Fig. 8A , which is assumed based on earlier reports of similar systems. 15, 19 Here, R u , C d , and C F represent the solution resistance, the double-layer capacitance, and the capacitance of the Ta 2 O 5 surface film, respectively. Z a and Z c are the net ac impedances of the anodic oxidation ͑Eq. 1͒, and cathodic reduction reactions ͑Eq. 3 and/or 4͒, respectively. Z r accounts for electrochemical reactions that might contribute to the removal ͑dissolution͒ of the Ta 2 O 5 surface film. The pure ohmic components of all the active faradaic reactions in the system are lumped into a single polarization resistance R p , which also provides the pathway for the dc currents to flow across the electrode interface in dc CV and potentiostatic experiments. An equivalent form of the circuit of Fig. 8A is shown in Fig. 8B , which shows how the pure ohmic branch of the faradaic impedance can be separated from the ac surface impedances ͑Z s ͒ associated with adsorption, diffusion, and double-layer charging processes. The net ac surface impedance Z s represents the combination of Z a , Z c , C d , C F , and Z r shown in Fig. 8A . Figure 8C shows the final EEC that was found from CNLS analysis of the EIS data through trial combinations of different circuit elements from the final EEC of Fig. 8A . All the Nyquist plots in Fig. 7 exhibited satisfactory CNLS fits to the EEC of Fig. 8A . A comparison of Fig. 8A and C shows that R p was not eventually detected in the FTEIS data. Because all the circuit branches in Fig.  8C are dc blocking, the polarization resistance is essential for providing a continuous path for the interfacial dc faradaic currents observed in Fig. 1, 3 , and 6. Considering Fig. 8B , the absence of R p in Fig. 8C suggests that, for the ac in EIS, the current-blocking effect of R p is much higher than that of Z s , and that Z s provides a "shunt" for these currents. This is typical of FTEIS measurements due to the restriction on the low frequency range ͑Ն100 Hz͒ available for this method. 19, 25, [53] [54] [55] The relative contributions of R p and the other re- maining elements of the EEC in the measured impedance can be examined using the general form of Fig. 8B . The net impedance, Z, of this circuit has the form
͓13͔
where j = ͑−1͒ 
where Y s Ј is the real part of the ac admittance of the circuit branch containing the elements labeled with subscripted "s" in Fig. 8B .
The condition in Eq. 14 is met in EIS whenever R p is large, and the ac impedance values detected at the lowest frequencies of the EIS spectrum are small. 25, 55 To demonstrate that this indeed is the case for our presently used system, we measured R p through an independent set of experiments using the dc linear polarization method described in our previous papers. 25, 55 The results obtained for R p are listed in the first row of Table I . For each of the experimental solutions, we also calculated the right side of Eq. 14 as a function of the ac perturbation frequencies ͑ f͒ using the EIS data The circuit branches labeled with subscripts "a" and "c" represent anodic and cathodic reactions, respectively. The polarization resistance R p provides the dc current path for faradaic reactions. ͑B͒ An equivalent form of the circuit shown in ͑A͒, used here for CNLS analysis of experimental Nyquist spectra. ͑C͒ Explicit form of the EEC introduced in ͑A͒, obtained from CNLS analysis of experimental EIS data. ͑D͒ Individual components of the net capacitance C T detected in EIS.
from Fig. 7 . To do this, R u was determined from the CNLS calculations, and was essentially invariant around ϳ0.5 ⍀ cm 2 for all the solutions used here. By combining this R u with the ZЈ and ZЉ data from Fig. 7 , the terms Z s Ј and ͉Z s ͉ 2 were evaluated, and Y s Ј was then calculated using Eq. 14. The resulting values of Y s Ј are plotted against ͓log f͔ in Fig. 9 , where the values of the polarization conductance ͑1/R p ͒, obtained from Table I , also are included for comparison.
As indicated in Fig. 9 , the condition specified in Eq. 14 is satisfied for all the solutions used here; hence, the EEC in Fig. 8B essentially represents the part containing R u and Z s of Fig. 8B . For this reason, R p is not detected in Fig. 8C . In this context, for all the electrolytes considered in Fig. 7 , both ZЈ and ZЉ exhibit smaller values at solution pH = 6.0 than at 3.0. This observation is in agreement with the view projected here that the Ta 2 O 5 film is likely to have relatively more pores/defects at the higher solution pH. In addition, as expected, the polarization conductance in Fig. 9 essentially follows the solution-dependent trend of i corr in Fig. 2B .
The correlation between the ac impedance elements of Fig. 8A and C can be clarified further as follows using the surface reactions proposed here. The electrochemical reaction in Fig. 5A involves the adsorption of OH − onto the electrode surface, and can be represented as a parallel combination of a charge transfer resistance ͑con-solidated in R p ͒ and a pseudocapacitance for anion adsorption, C r . Then, the total capacitance of the interface, C T , detected in EIS is a combination of C d , C F , and C r , as shown in Fig. 8D , and has the form
The chemical reactions considered in Fig. 5B and C do not involve any net charge transfer across the electrochemical interface, and hence should not have any direct contribution to the EEC. These two reactions, however, affect the structural integrity of the Ta 2 O 5 surface film, and thus can indirectly affect the impedance elements of other electrochemical reactions that depend on the thickness/ porosity of the oxide film. The general impedance element Z a considered in Fig. 8A emerges in Fig. 8C as a series combination of a reaction resistance R a and a pseudocapacitance C a ͑combined in parallel with a charge transfer resistance, the latter once again being contained in R p ͒. = Ta 2 O 5 ͑both above and below the oxide film͒. 19 As noted in our earlier work, C a and R a can be associated primarily with the aforementioned steps ͑ii͒ and ͑iii͒, respectively. The charge transfer step ͑iii͒ should also have a parallel, pure ohmic component ͑to support anodic current flow in the dc experiments͒, which cannot be separated from R p . In the presently used system, the H + ͑or, hydrated H 3 O + ͒ generated in step ͑i͒ of Reaction 1 could be consumed in Reactions 3 and 4. The impedance Z c of Reaction 3 can be interpreted in Fig. 8C as a series combination of a resistance R c and a Warburg element W c , combined together in parallel with a pure ohmic resistance where the latter is assembled in R p . Here, W c can be linked with the diffusion of hydrated protons through the pores in the Ta 2 O 5 film for Reaction 3 ͑O 2 + 4OH 3 + + 4e − = 6H 2 O͒. If the 
